We have been concerned with the development of alternate strategies for achievinc; metalion recognition. An important aspect of this research has been to investigate meta! ion complexation over a range of related macrocycles, incorporating different macrocyclic r h g sizes, donor atom set combinations and/or degree of ring substitution and to search for stability rrnxima at different points within this range. Assessment of the possible factors influencing any observed metal-ion recognition behaviour is then performed. This is followed by structural modification of particular ligand systems in an attempt to 'tune up' such behaviour. In particular instances it has proved possible to modify a ligand type progressively, using several 'tuning' cycles, such that very considerably enhanced discrimination towards a metal ion of interest has been achieved. In this manner, it has also proved possible to elucidate the subtle factors underlying different discrimination mechanisms. Studies of this type have tended to provide further insight into the factors influencing metal-ion discrimination than is normally possible for investigations involving a more limited ligand range.
INTRODUCTION
To achieve a ligand 'tailored' for a particular metal-ion binding application, the system needs to be designed such that it is able to read the 'information' encoded in the metal ion of interest and differentiate it from that for other metals that might also be present. Clearly, nature has learnt to do this superbly in a wide range of biochemical systems. In contrast, the success achieved with synthetic systems has tended to be somewhat more modest. This is perhaps surprising in view of the fact that we are now around a century on from Alfred Werner's time.
Thus, although metal ion recognition is inherent to many processes in nature, the factors influencing such behaviour are often difficult to elucidate. This is especially the case when mixed donor sets are present and/or heavy metal ions are involved.
For a particular polydentate ligand, metal ion recognition may involve contributions from some or d l of the following: the number and type of donor atoms available; their relative positions in terms of both their spacing and sequence within the ligan& the electronic and structural nature of the ligands backbone; the formal charge and/or the presence or absence of dipoles (both permanent and induced) on the bound ligand; the number and size of the chelate rings formed on metal binding; and the changes in solvation of the ligand and metal ion on complex foxmation. Further, for transition metal ions, crystal field effects may also contribute to a decrease in free energy for complex foxmation. In the case of macrocyclic ligand systems, macrocyclic ring size is another factor that will influence complex stability (especially when the ring encircles the metal and is associated with the operation of a thermodynamic macrocyclic effect).
The ability of a given ligand to recognise a metal in the presence of others will normally reflect a subtle mix of factors on the type just mentioned (although, it is noted that, in some cases one factor, such as the dmor set type, may appear to dominate the process). The situation is further complicated by the fact that severd of the factors listed above are not independent of each other. However, in general terms, recognition for a particular metal ion of interest will occur when the properties of the ligand best match the steric and electronic natJre of the metal, relative to those of the other metals present.
It needs to be kept in mind that metal ion selectivity depends on achieving a difference in the binding constants for the respective cations. That is, it is the difference in the constants, rather than their absolute magnitude, which is usually of prime concern. Of course, high absolute values may also be desirable since, for exunple, the latter may commonly be associated with enhanced kinetic stabilities.
How does one tackle the problem of achieving metal ion recognition? For some time we have been employing a simple strategy for obtaining such recognition and, more importantly, for understanding its nature when 3 was observed. Particular attention in our investigations has been given to mixed donor, macrocyclic syste1p.c; with emphasis on the recognition (and/or discrimination) of ions within the following industrially important groups: cobalt/nickel/copper; zinc/cadmium; and silverpead (ref. 1).
Mixed donor macrocyclic ligands have proved to be especially suitable for use in studies of the above type since they tend not to yield complexes exhibiting the very high kinetic and thermodynamic stabilities that are, for example, characteristic of macrocyclic ligand complexes containing a N,-donor set (ref. 2); very high kinetic and/or thermodynamic stabilities tend to result in the corresponding solution measurements being less swaight forward. Further, smaller ring macrocycles tend to favour 1:l (metal:ligand) complexation ,thus aiding the interpretation of solution results.
In a typical metal-ion recognition investigation, our procedure has been to chose a macrocyclic ligand which, based on analogy with known systems, might be expected to show preference for the ion of interest (ref. 3). Intuition usually plays a part at this stage! Following ligand synthesis, an investigation of its metal coordhiation chemistry , embracing metals of interest, is then carried out. Such a study has always incorporated the determination of the stability constants for the respective 1:l complexes coupled with a range of other studies. The latter might include a combination of some or all of the following: the kinetics of complex formation and dissociation, calorimetric determinations of enthalpies of complexation, spectroscopic and spectrophotometric (UV-VIS, NMR and MS) determinations and, where appropriate (and possible), X-ray diffraction structure determination( s). An assessment of the possible factors influencing any observed metal-ion recognition behaviour is then made and, on this basis, a decision is taken as to what structural modification might be c mied out to 'tune up' this behaviour. The required ligand modification is then made and the cycle repeated. 111 this manner, it is usually possible to modify a ligand type progressively, using a trail and error approach, such that enhanced metal ion discrimina tion is induced. A given study may be associated with several such 'tuning' cycles.
The above strategy can be pictured as involving a structural matrix of ligands in which the axes are deEned by, for example, macrocycle hole size, macrocycle donor set and degree of substitution on the macrocyclic ring. Previously, we have described studies in which each of these parameters have been employed independently to achieve enhanced recognition; however, clearly the strategy is more powerful when all three of these structural parameters are employed in the tuning process. Nevertheless, for simplicity, examples involving the variation of a single parameter will be given emphasis in the discussion which follows, as will studies that focus on silver(1) recognition.
METAL ION RECOGNITION STUDIES
. .
of macrocvcle
There are several well documented examples of metal ion recognition based on the tailoring of macrocyclic ring size to the radius of the metal ion of interest (ref. 1). As well as this, we have described a second mechanism based on ring size called 'dislocation discrimination', which depends on an abrupt change in coordination behaviour being induced towards one metal relative to another as the ring size is progressively altered (ref.
4).
At the dislocation point, the coordination geometry change may result in an enhanced stability differential between the respective metal complexes. Ring size discrimination of both types has been well discussed previously and will not be further exemplified here.
The variation of macrocycle substitution has been employed for the selective 'detuning' of the stabilities of individual metal complexes along a series of related complexes.
The effect of variation of R in the 17-membered, O,N,-donor structure represented by a), on the reapective stabilities of the cobalt(II), nickel(II), copper(II), zinc(II), cadmium(II), silver(1) and lead(I1) is summaised in Table 1 (ref. 5). Except for one case (see below), the data clearly show a decrease in the respective stability constants for the systems as methyl and benzyl substituents replace the NH protons of the parent (1; R = H).
Such a decrease has traditionally been ascribed to steric hindrance from the bulky R groups inhibiting complex formation; as expected, the effect is generally greater for the more bulky tribenzylated derivative. The exception is for silver(1) for which the log K values for each complex remains high. I n 95% methanol, I = 0.1 (Et4NC104), 25 "C.
While the reason for the above behaviour remains uncertain, molecular models suggested that, in the case of silver(l>, the substituted ligands could adopt 'interlocked' planar smctures which are ideal for this ion. However, recent studies by Myerstein et al. (6) reveal a second explanation which is perhaps closer to the truth. These authors report that alkylation of the secondary amine groups of N4-donor macrocycles (as well as some open chain amines) results in preferential stabilisation of the +1 oxidation state of copper in preference to the +2 state of this ion; related stabilization of other metals in low oxidation states has also been documented.
It was concluded by the above authors that a major factor contributing to the above effect is the inmased hydrophobic nature of the tertiary amine derivatives. This appears to have at least three consequences that will influence the relative stabilities of the two oxidation states: thea-donating properties of the N-methylated derivative is decreased due to the absence of hydrogen bonds of the type M-N-H--O (involving solvent); solvation energies will be lower for the N-methylated complex due to its greater hydrophobic nature and larger radius; and steric hindrance may be increased leading to M-N bond elongation andor distortion of the inner coordination sphere.
Behaviour of this type, favouring the +1 state of silver(1) relative to the +2 states of the other metals listed in Table 1 , might thus account for the observed stability changes associated with amine substitution in the present system.
A considerable number of investigations have been reported that describe the interaction of transition and post-transition metal ions with mixed-donor macrocyclic ligands that include secondary amines (ref. 7). Nevertheless, studies of this type have tended to have received less attention than that given to macrocyclic systems in incorporating a single donor type.
In this section the results of four case studies involving potentially tetra-, penta-, hexadentate and linked macrocycles, each incorporating secondary amines coupled with other donor types, are presented. A common theme through out these studies has been an emphasis on achieving discrimination for silver(1) over lead(I1) -metals which occur together in nature. Our most comprehensive metal-ion binding investigations of this type have involved the potentially pentadentate ligands of type (2). A discussion of these studies is presented first.
of Tvve
Before discussing the interaction of ligands of type (2) with silver(1) and lead(I1); it is instructive to mention the behaviour of this 17-membered macrocycle series towards copper(I1) (ref. 8).
The log K data for the respective copper(I1) complexes illustrates well the large effect that variation of donor set may have on the magnitude of the individual stability values. In this case a stability difference approximating to 10'' was achieved solely by variation of the donor type at three of the five potential donor sites. Thus, for this ligand system, the stability values ranged from log 6.5 for the copper complex of (2; X = Y = 0) to cn. log 16.3 for that of (2; X = Y = NH).
The systematic variation of the X and Y donors in the above ligand series has enabled extraLrdinary discrimination for silver(I) over lead0 to be achieved (ref. 9); the stability values obtained in this investigation are given in Table 2 . For the 'parent' O,N,-donor ligand, the log K difference between the complexes of ihese metals is less than an order of magnitude. This situation is only slightly improved when the N,-donor ardogue was employed (even though the absolute log K values are increased somewhat). In contrast, substitution of an oxygen donor in position Y (with X also oxygen) results in enhanced discrimination for silver(1) over lead(I1). This appears to be a general phenomenon. 'In 95% methanol, I = 0.1 (Et,NCIO,), 25 "C.
When the differences in the log K values for all the ligand systems listed in Table 2 are compared, it is clear that substitution of a N,Y-string (with Y equal to 0 or S) for a N,-string consistently leads to an enhanced lowering of the stability of a given lead(I1) complex relative to the corresponding silver(1) complex. In addition, this effect, coupled with the stepwise introduction of sulfur donors, culminates in much greater discrimination for silver(1) over lead(I1). The relative affinities of these metals towards thioether sulfur undoubtedly reflects that silver(1) is b-class (or soft) while lead(I1) is borderline. Indeed, in previous calorimetric studies we have demonstrated the marked affinity of silver (1) The macrocycles in these silver complexes wrap around the central metal such that the respective donor-tometal bond lengths are typical of those found in a range of other silver(1) complexes. The 'tight' five-coordinate geometries adopted in these complexes, differs from the structure of the lead(I1) complex of the N,S,-donor macrocycle (ref. 13). In this case, the metal adopts a seven-coordinate geometry, k i n g hound to the five donor atoms of the macrocycle as well as to oxygens from two perchlorato anions; the latter occupy axial positions.
The structure is illustrated in Fig. 2 . In contrast to the situation in the silver complexes, the macrocycle in the lead complex adopts a flatter, more open, conformation -with the bound metal positioned below the macrocyclic cavity. Individual metal-donor bond lengths tend to be long and it is clear that the macrocycle binds less strongly to this ion. The structural evidence is thus in accordance with that from the solution Ttudies. Fig. 2 'The X-ray structure of the lead(I1) complex cation containing (2: X = S, Y = NH).
Overall, this study serves to illustrate the use of donor atom variation to achieve substantial discrimination.
Fmther examples of the use of a similar strategy involving related ligand types follow.
An investigation of the relative 1:l complex stabiies of the 14-and 16-memkred derivatives (31, incorporating trans N20, , N2ST and N,donor sets, with cobalt(II), nickel(II), copper(II), zinc(II), cadmium(II), silver(1) and lead(I1) has been canied out (ref. 14) . The results are summarized in Table 3 .
For these systems, despite the lack of data for individual complexes, the Irving-Williams stability order of cobalt(I1) < nickel(I1) < copper(I1) z zinc(I1) appears to apply. Thus, at least towards these four metals, no unusual recognition behaviour was apparent.
Nevertheless, it is noted that the relative log K values for the complexes of a given metal do, in general, reflect the nature of the donor atom X in (3); thus, as expected, donor-atom binding affinities of N>S,O are observed. -' In 95% methanol, I = 0.1, (Et,NClO,), at 25 "C. bPrecipitation, slow approach to equilibrium or competing hydrolysis inhibited log K determination in this case.
In accordance with our previous discussion, both the 14-and 16-membered N,S,-donor macrocycles show particular affinity for silver(1) and strong discrimination (approximately lo6) for this ion over lead(I1). Both ligand systems incorporate alternating nitrogen and sulfur donor sequences and, once again, this is expected to favour silver(I) coordination over lead(I1). Further, if the macrocycle coordinates in a planar fashion, then the silver(1) will be presented w i t h a linear (trans) array of nitrogen donors -an arrangement potentially favourable for coordination -as exemplified by the structure of the [Ag(NH,),]+ ion.
Finally, it is noted that increasing the macrocyclic ring size from 14-to 16-membered for this N,S,-donor system is associated with an increase in the absolute value of the binding constant towards silver(1). Once again, this is in agreement with expectations, since the larger ring should more closely match the moderately large covalent radius of the silver ion (if trans planar coordination occurs).
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We have also undertaken an investigation of the interaction of copper(II), silver (1) When the coordination chemistry of silver(1) is considered, this metal's preference for both linear amine coordination and soft donors are both able to be satisfied by the sulfur-containing ligands of type (4).
13C NMR spin-lattice relaxation (T,) studies (together with inspection of the respective induced chemical shifts) have been used to probe the binding af€inities of individual donor sites for this ligand series. Overall, the results correlate well with the observed stabilities of the individual silver(1) complexes. 'In 95% methanol (Z = 0.1, Et4NC104) at 25 "C.
In other studies, the members of this ligand series were employed as ionophores in competitive mixed-metal transport experiments across a bulk chloroform membrane. Details of the transport cell has been described elsewhere (ref. 16) . The aqueous source phrase in each case contained equimolar concentrations of cobalt(II), nickel(II), copper(II), zinc(II), cadmium(II), silver(1) and lead(I1). Transport was carried out against a back gradient of protons. Hexadecanoic acid was also present in the organic phase; this removes the need for the inorganic anion (nitrate) to be transported from the aqueous source phase into the organic phase. All three ligands yielded highly selective transport of silver(1) relative to the other ions present, with the highest transport effkiency being associated with the two sulfur-containing ligands. For each ligand system, silver was transported between approximately fifty and several hundred times more efficiently than the next metal to appear in the aqueous receiving phase.
The application of a protecting group strategy has resulted in efficient synthesis of new tri-linked N,S,-donor macrocycles, incorporating 16-membered rings, joined to a phloroglucinol or a 1,3,5-tribenzyl core by spacer linkages (ref. 17 ) . The syntheses of these linked species is carried out from the corresponding 'parent' rings, incorporating differently protected nitrogen donors, as precursors. Structure (5) represents a typical tri-linked product. Once again, systems of this type (as well as their corresponding substituted 'monomers') readily complex silver(I): NMR titration data indicate that the tri-linked species (5) forms a 3:l (meta1:ligand) complex with silver(1) in 1:l DMSO-dJCDC1,. A solid 3:l (metakligand) complex of (5 ) has been isolated and characterized containing the (soft) copper(1) ion. The corresponding 1:l complex of the N-benzyl-substituted 'monomeric' ligand has also been isolated and characterized by X-ray diffraction; the copper(1) in this species is associated with an irregular tetrahedral coordination geometry.
H
Competitive solvent extraction (water/chloroform) experiments have been carried out involving equiniolar concentrations of cobalt(II), nickel(II), copper(II), zinc(II), cadmium(II), silver(1) and lead(I1) nitrates m the aqueous phase and (5) (at lx103 m01dni3) in the organic phase. Once again, strong discrimination for sSver(1) was observed -provided the individual metal ion concentrations were maintained in the range 10" mol w3. Interestingly, at higher initial metal ion concentrations, the system became much less selective for silver.
The reasons for this latter behaviour are unclear but are currently under investigation.
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